For the environmental energy-enhanced interfacial solar vapor generator, through elegant structural designs, there will be a net energy gain from the environment during the solar vapor generation, yielding an evaporation rate exceeding the theoretical value, assuming a 100% solar-to-vapor energy transfer efficiency. 
INTRODUCTION
As a promising solar energy conversion technology, interfacial solar steam/vapor generation demonstrates great potential for many applications, such as desalination [1] [2] [3] [4] [5] [6] and wastewater treatment. 7 High solar-to-vapor energy transfer efficiency [8] [9] [10] [11] [12] [13] has been demonstrated by structures with advanced designs and materials and thoughtful management of photon transfer, heat flow, and water supply. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] However, it is generally considered that the evaporation rate is limited by solar irradiation, assuming 100% solar-to-vapor energy transfer efficiency. In this paper, we demonstrate that evaporation rate well above this limit can be achieved by collecting energy directly from the environment through careful structural design. This environmental energy-enhanced solar evaporation provides a new route to facilitate water evaporation processes in the real world.
RESULTS AND DISCUSSION
The heat transfer process of solar vapor generation includes three energy flows: solar energy input, vapor output, and heat exchange with the environment. In recent years, efforts to improve the evaporation rate have mainly focused on enhancing light absorption and minimizing heat loss to the environment; these routes increase the temperature of the absorber above the environmental temperature. Therefore, energy loss from the absorber to the environment occurs (as shown in Figure 1A ). Under this circumstance, the solar energy input is partly transferred to the internal vapor energy and partly lost to the environment via heat exchange, yielding an evaporation rate lower than that assuming 100% solar-to-vapor energy transfer efficiency, for example, 1.47 kg/m 2 $h under 100 mW/cm 2 of solar illumination (see Supplemental Experimental Procedures 1 for more details). However, if structural designs can ensure that the temperature of the absorber is lower than that of the environment, energy can be gained from the environment and the evaporation rate can be enhanced well above the theoretical limit, assuming 100% solar-to-vapor energy transfer efficiency ( Figure 1B ).
To demonstrate environmental energy-enhanced interfacial solar vapor generation, we developed a cylindrical vapor generator (10 cm in height, 5.7 cm in diameter),
Context & Scale
Since interfacial solar vapor generation has garnered increasing interest, significant efforts have been made to tailor nanomaterials to achieve high solar-to-vapor transfer efficiency and high evaporation rate. It is generally considered that the evaporation rate is limited by solar irradiation, assuming 100% solarto-vapor energy transfer efficiency. Here we report that the evaporation rate can be well above the assumed limit by exploiting energy input from the environment. This finding demonstrates a new route to enhance the evaporation rate to a higher level.
which is mainly composed of various cotton cores wrapped with plant cellulose used for paper production, with sufficient water supply, high absorption, high evaporation area, and a low projection ratio (the projected area relative to the actual area) of $0.085. As shown in Figure 2 , low-cost cotton cores with excellent water supply capacities are used as one-dimensional water supply paths to suppress heat conduction loss to the underlying bulk water. Cellulose coated with carbon black nanoparticles was selected as the absorber (as shown in Figure S1 ) to enable highly efficient ($96%) sunlight absorption (weighted by the AM 1.5G solar spectrum), which is necessary for efficient solar-to-vapor conversion. Meanwhile, the outer hydrophilic cellulose wrapping, having a hierarchical and continuous pore structure (as shown in Figure S2 ), provides continuous channels for vapor escape and air penetration, thereby increasing the effective evaporative area (corresponding comparative experiments can be found in Figure S3 ).
The top surface of the absorber absorbs most of incident solar energy, which leads to higher surface temperature compared with the environment and, therefore, energy loss to the environment. The side surfaces of the absorbers do not absorb much solar energy, and can harvest energy from the environment by convective coupling with radiative heat transfer processes. This is mainly because evaporative cooling can decrease the temperature of the side surfaces to lower than that of the environment. 28 By using an elaborate vapor generator design, a net energy gain from the environment under different incident sunlight intensities can be realized by minimizing the energy loss from the top surface and maximizing the energy gain from the side surfaces. More detailed analysis about the internal mechanism can be found in Note S1.
The relationship between the evaporation rate and the temperatures of the top and side surfaces of the absorbers is best illustrated under different light intensities. For the conventional interfacial solar vapor generator, the surface temperature of the absorber is higher than that of the environment, which inevitably yields energy loss to the environment and energy transfer efficiency of <100%. In contrast, for the environmental energy-enhanced interfacial solar vapor generator, energy is gained from the environment because the absorbers are lower in temperature than the environment, yielding an evaporation rate that exceeds the theoretical value, assuming a 100% solar-to-vapor energy transfer efficiency. Figures 2B-2E ) were used to determine the surface temperatures of the vapor generator under illuminations of 25, 50, 100, and 120 mW/cm 2 . The environmental temperature during the measurements was maintained at 24 C. As summarized in Figure 2F , the average top surface tensities. Clearly the temperature of the top surface always exceeded that of the side surfaces. As the light intensity increased, the temperature of the top surface was increased more than that of the side surfaces, because most of the solar energy was absorbed by the top surface. We also built a model to gain insight into the internal heat field of the vapor generator (Note S2). The results of modeling ( Figure S4 ) agree well with the infrared images. The average total surface temperatures of the vapor generator under different light intensities, as calculated by weighting To determine the correlation between the evaporation rate and the evaporation temperature (average surface temperature of the vapor generator), we monitored the vapor generation process under different light intensities. As shown in Figure 3A , the mass of water clearly and dramatically changes with increasing lighting intensity. The evaporation rates (see Experimental Procedures for calculation details) for the environmental energy-enhanced interfacial solar vapor generator under the illuminations of 25, 50, 100, and 120 mW/cm 2 are 0.89, 1.12, 1.62, and 1.77 kg/m 2 $h, respectively. The corresponding evaporation rates, assuming 100% energy transfer efficiency of solar energy to vapor, are 0.37, 0.74, 1.47, and 1.76 kg/m 2 $h, respectively ( Figure 3B , and see Supplemental Experimental Procedures 1 for more details). Therefore, the ratios of the actual evaporation rate to the theoretical limit, here called the enhancement factors, are 2.4, 1.5, 1.1, and 1.0 for the light intensities of 25, 50, 100, and 120 mW/cm 2 , respectively. These results confirm that with lower light intensities and lower absorber surface temperatures, more energy can be gained from the environment and higher enhancement factors can be obtained. To further verify this, we also calculated the energy obtained by heat exchange with the environment through natural convection and radiation (i.e., the difference between the vapor generation power and the input solar energy power), which are 36.8, 27.7, 12.3, and 2.7 mW/cm 2 , respectively, coinciding with the above analysis and in accordance with the results from our modeling (Note S3). The results of our model reveal that the energy gain from environment is mainly from air convection energy transfer. Additionally, as the light intensities increase, the conduction heat loss to the underling bulk water does not increase by much (more details about the energy transfer process through different routes are given in Table S1 ). Therefore, our vapor generator with advanced designs in structures and materials can enable effective suppression of the heat loss through conduction and energy gain from the environment through air convection.
Infrared images of the vapor generator (as shown in
It is noteworthy that as the light intensity increases, the enhancement factor decreases. It can be naturally understood that as the light intensity increases the surface temperature of absorbers increases, which inevitably causes increased energy loss from the top surface as well as decreased energy gain from the side surfaces. In the future, it can be expected that novel materials with higher surfacearea-to-volume ratios (such as metal-organic frameworks) and/or new physical mechanisms (such as radiative cooling) could be used to further reduce the temperature of the absorber and thereby promote the enhancement effect under high light intensity.
Environmental energy-enhanced interfacial solar vapor generation can enhance water processing performance for various promising applications, such as wastewater treatment. To verify the enhanced capacity for practical applications, we performed outdoor experiments on a large scale. As shown in Figure 4A , the generator can be easily scaled up (22 cm in length, 20 cm in width) with a convenient and scalable fabrication process (see Experimental Procedures for more details). During the period from 10:00 to 15:00 each day (see Figure S5 for more details on the environmental conditions of the outdoor experiment), the masses of a heavy metal solution and a dye solution are linearly decreased ( Figure 4B ), indicating the versatility of the environmental energy-enhanced solar vapor generator.
The evaporation rates for the two types of water samples reach 1.59 kg/m 2 $h under $100 mW/cm 2 illumination, corresponding to an enhancement factor of 1.1 (Figure 4C ). As shown in Figure 4D , the evaporation temperatures of the solar vapor generator used for heavy metal solution and dye solution treatments were all below the environmental temperatures. This further verifies that a vapor generator with a surface temperature lower than that of the environment permits energy gain from the environment, which facilitates the evaporation process.
To verify that our strategy for wastewater treatment is environmentally friendly, we carefully examined the vapor quality after treatment. According to the results of inductively coupled plasma optical emission spectroscopy (ICP-OES) shown in Figure 4E , the concentrations of the three types of model heavy metal ions (namely, Cu 2+ , Cr 3+ , and Pb 2+ ) in the vapor are 0.066 mg/L, not detected (<0.01 mg/L), and not detected (<0.01 mg/L), respectively, which are lower than the corresponding required concentrations for effluent discharge (the stipulated upper Cu 2+ , Cr 3+ , and Pb 2+ concentrations are 0.2, 0.5, and 0.2 mg/L, respectively). 29 These concentrations were obtained after treatment; the ion concentrations in the original wastewater source were 2 to 4 orders higher than the discharge standards for effluents. As shown in Figure 4F , our purification method can also decrease the concentration of rhodamine B dye molecules in vapor from 10 À5 mol/L to below the limit of detection (10 À11 mol/L). 30 
EXPERIMENTAL PROCEDURES Preparation of Vapor Generators
A cotton core was used as the water supply material. The outer wall of the cotton core (10 cm in height, 8 mm in diameter) was wrapped with several layers of plant cellulose. Both the top surface and side surface of the wrapped bar were dip-coated in carbon black nanoparticles dissolved in ethyl alcohol at a concentration of 20 g/L. Finally, the vapor generator was obtained by fixing the wrapped cotton core onto a thermal insulator of polystyrene foam wrapped with black nonwoven cotton film.
Materials Characterization
The surface temperatures of the absorbers were captured by an infrared camera (FLUKE, Ti 100). The contents of metal ions in the vapor (thermoelectric refrigerating unit was used to collect it) were measured by ICP-OES (PerkinElmer Instruments, PTIMA 5300 DV). The contents of the dye molecules were monitored by Raman spectroscopy (Renishaw Invia) equipped with a microscope (Olympus, BX51TRF) and a spectrometer (Andor, AQ-6315A). The microstructures of the absorber before and after dip-coating were characterized by scanning electron microscopy (FEI Strata, Dual-beam FIB 235). The absorption spectrum of the absorber was measured by a quantum efficiency system with a monochromator (Newport 74125), an integrating sphere (Newport 819D-SL-3.3), and a power meter (Newport 2936-C).
Solar Vapor Generation and Wastewater Treatment
The indoor solar vapor generation experiments were performed at an environmental temperature of $24 C (see Supplemental Experimental Procedures 2 for details) and a humidity of $35%, as monitored by a temperature and humidity recorder (TH10R, Miao Xin Electronic Technology). A solar simulator (Newport 94043A) with an optical filter for the standard AM 1.5G spectrum was used as the light source. For all indoor experiments, the sunlight was perpendicularly incident to the top surface of evaporator. A balance (FA, 2004) was used to record the water mass change in real time.
The mass change and evaporation rate, normalized by the projected area of the evaporator, were obtained from the slopes of the mass change curves at steady state. The lighting intensity, recorded by a hand-held solar power meter (SM206, Sanpo Instrument), and humidity of the outdoor environment over time are shown in Figure S5 . The water mass change was measured by a balance (HZT-A, Hua Zhi) at regular intervals in the outdoor experiments. 
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